Changes of the onset dates, end dates, and duration of the rainy season over central Peruvian Andes (Mantaro river basin, MRB) could severely affect water resources management and the main economic activities (e.g., rainfed agriculture, raising cattle, among others). Nonetheless, these changes have not been documented for the Tropical Andes. To asses that, we used daily datasets of observed rainfall during the 1965-2013 period. For this period, the average onset (end) date of the rainy season over the MRB occurs in the pentad 17 (19-23 September) ]. The duration of the rainy season mainly is modulated by the onset dates due to it has higher variability than end dates. There is a reduction of 3 days/decade in the duration of wet season over the MRB for the last four decades due to the delay of the onset days. Furthermore, El Niño favors late-onset and early end of the rainy season, while La Niña favors early onset and late end of the rainy season in the MRB. Onset dates are related to the propagation of the convective region of the South American Monsoon System (SAMS), from the Caribbean region toward the central Amazon basin. Early (late)-onset days are associated with a southward (northward) shift of the South Atlantic Convergence Zone (SACZ) and weak (strong) convection over equatorial Atlantic that induces the southernmost propagation (eastward shift) of the SAMS.
Introduction
The precipitation plays a vital role in the hydrological cycle, thus it is one of the climate variables with more attention for climate scientists [1] . Climate change has modified the magnitude, the seasonal distribution and interannual variability of rainfall in the world [2] . The variation of the hydrological cycle due to climate change is one aspect very relevant for humans [3] .
The precipitation seasonality is essential for the development of several economic activities in the central Peruvian Andes (e.g., agriculture, hydrologic power generation, and potable water) [4] . There are many pieces of evidence about the change of rainfall regime. The Mantaro valley presented a reduction of the precipitation amount (−5.6 mm/decade) over the last decade [5] . The declining of the rainfall amount is consistent with the reduction of the rains between July and October that has provoked a deficiency of the water availability for the irrigation of local crops in the Mantaro The rainy season over MRB features a well-defined annual cycle, a dry season (April-August) and a rainy season (September-March, which is the growing period for local crops) [4, 19] . The first rains fall sporadic in early September. The amount of rainfall increases progressively as well as strengthens its intensity in the following months until to reach its peaks in the austral summer (January-March). Conversely, precipitation presents a sharp reduction in April [4, 19, 24] . Thus, almost 83% of the annual rainfall occurs during the rainy season [20] .
The average of the annual precipitation is lower than 1600 mm/year along the MRB, the highest accumulation of rainfall is observed over the eastern part of the basin, in the jungle of the departments of Junín and Huancavelica [20] (Figure 2) . The low precipitations fall over vast spaces of the central and southern zone of MRB. The high rainfall in the northwestern and southwestern parts of MRB in the austral summer is related to orographic rainfall that is due to the transport of warm and moist winds from the Amazon basin. For the dry months (June and August) rainfall is almost negligible throughout the basin, except for the eastern region [24] . The rainy season over MRB features a well-defined annual cycle, a dry season (April-August) and a rainy season (September-March, which is the growing period for local crops) [4, 19] . The first rains fall sporadic in early September. The amount of rainfall increases progressively as well as strengthens its intensity in the following months until to reach its peaks in the austral summer (January-March). Conversely, precipitation presents a sharp reduction in April [4, 19, 24] . Thus, almost 83% of the annual rainfall occurs during the rainy season [20] .
The average of the annual precipitation is lower than 1600 mm/year along the MRB, the highest accumulation of rainfall is observed over the eastern part of the basin, in the jungle of the departments of Junín and Huancavelica [20] (Figure 2) . The low precipitations fall over vast spaces of the central and southern zone of MRB. The high rainfall in the northwestern and southwestern parts of MRB in the austral summer is related to orographic rainfall that is due to the transport of warm and moist Climate 2020, 8, 23 4 of 22 winds from the Amazon basin. For the dry months (June and August) rainfall is almost negligible throughout the basin, except for the eastern region [24] . 
Background
The South American Monsoon System (SAMS) is one of the major monsoon systems in the Southern Hemisphere [25] . The SAMS shows a seasonal cycle with an onset during October, a mature phase between December and February, and demise in April [10, 13, 26] . SAMS onsets start during the austral spring (September-October-November, SON) ( Figure 3 ) when the region of intense convection spreads rapidly from the Caribbean and northwestern South America toward southern Amazon basin and Brazilian highlands in October and southeast Brazil in November [13, [26] [27] [28] . It is consistent with a strengthening of the humidity influx induced by the change of direction of the lowlevel cross-equatorial flow in the eastern flank of the northern Andes Mountains in early October [29] . In the upper troposphere, 200 hPa, Figure 3c displays the predominance of westerly wind over South America south of 12°S but even cross the southern Atlantic Ocean. Figure 3c also shows an anticyclonic circulation over the western Amazon basin (66°W, 9°S) while a cyclonic circulation is observed over the northwest of northeastern Brazil (42°W, 4°S). During the austral summer (December-January-February, DJF), there is maximum precipitation and is located over the southcentral Amazon (Figure 3b ). It is known as the mature phase of the SAMS [26, 30, 31] . 
The South American Monsoon System (SAMS) is one of the major monsoon systems in the Southern Hemisphere [25] . The SAMS shows a seasonal cycle with an onset during October, a mature phase between December and February, and demise in April [10, 13, 26] . SAMS onsets start during the austral spring (September-October-November, SON) ( Figure 3 ) when the region of intense convection spreads rapidly from the Caribbean and northwestern South America toward southern Amazon basin and Brazilian highlands in October and southeast Brazil in November [13, [26] [27] [28] . It is consistent with a strengthening of the humidity influx induced by the change of direction of the low-level cross-equatorial flow in the eastern flank of the northern Andes Mountains in early October [29] . In the upper troposphere, 200 hPa, Figure 3c displays the predominance of westerly wind over South America south of 12 • S but even cross the southern Atlantic Ocean. Figure 3c also shows an anticyclonic circulation over the western Amazon basin (66 • W, 9 • S) while a cyclonic circulation is observed over the northwest of northeastern Brazil (42 • W, 4 • S). During the austral summer (December-January-February, DJF), there is maximum precipitation and is located over the south-central Amazon (Figure 3b ). It is known as the mature phase of the SAMS [26, 30, 31] .
The onset of SAMS has received considerable attention. It is evidenced by the developing of many indices to determine the onset and end of the SAMS [26, [32] [33] [34] . Silva and Carvalho [32] defined an index called Large-scale Index for the South American Monsoon System (LISAM), which is based on a combination of Empirical Orthogonal Function (EOF) of precipitation and various thermodynamic and dynamic low-level fields. Silva and Carvalho [32] found that the onset occurs in the pentad (PEN) 60 and the end date in PEN 24. Gan et al. [33] , who used a zonal wind index, found an earlier onset and end than does LISAM (PEN 58 and PEN 22, respectively). Rai and Cavalcanti [13] used the moisture flux, found the same onset date than in LISAM but an early end date. However, there are no studies that used the same or quite similar indices for the identification of the onset, end, and duration of the precipitation in MRB. Black contour represents the boundary of the MRB. ERA-Interim reanalysis and Global Precipitation Climatology Project (GPCP) precipitation datasets were used for the 1981-2010 period. Brown shading represents the topographic elevation above 1000 m.
The onset of SAMS has received considerable attention. It is evidenced by the developing of many indices to determine the onset and end of the SAMS [26, [32] [33] [34] . Silva and Carvalho [32] defined an index called Large-scale Index for the South American Monsoon System (LISAM), which is based on a combination of Empirical Orthogonal Function (EOF) of precipitation and various thermodynamic and dynamic low-level fields. Silva and Carvalho [32] found that the onset occurs in the pentad (PEN) 60 and the end date in PEN 24. Gan et al. [33] , who used a zonal wind index, found an earlier onset and end than does LISAM (PEN 58 and PEN 22, respectively). Rai and Cavalcanti [13] used the moisture flux, found the same onset date than in LISAM but an early end date. However, there are no studies that used the same or quite similar indices for the identification of the onset, end, and duration of the precipitation in MRB.
The austral summer rainfall over MRB is associated with 200 hPa easterly zonal wind, although few rainy episodes occur during 200 hPa westerly zonal wind [35] . These upper-level easterly zonal winds uplift warm and moist air from the Amazon Basin to central Peruvian Andes [35, 36] . The intensification of easterly zonal winds is associated with the strengthening of an anticyclonic circulation called Bolivian High (BH) [37] . At the same time, an oblique band of precipitation extends between eastern Brazil and the southern Atlantic Ocean called South Atlantic Convergence Zone (SACZ), which registers its maximum peaks in austral summer [38] . Avalos et al. [36] , also documented that the strengthening of BH and SACZ might induce torrential rains in the Andean region of Peru. The austral summer rainfall over MRB is associated with 200 hPa easterly zonal wind, although few rainy episodes occur during 200 hPa westerly zonal wind [35] . These upper-level easterly zonal winds uplift warm and moist air from the Amazon Basin to central Peruvian Andes [35, 36] . The intensification of easterly zonal winds is associated with the strengthening of an anticyclonic circulation called Bolivian High (BH) [37] . At the same time, an oblique band of precipitation extends between eastern Brazil and the southern Atlantic Ocean called South Atlantic Convergence Zone (SACZ), which registers its maximum peaks in austral summer [38] . Avalos et al. [36] , also documented that the strengthening of BH and SACZ might induce torrential rains in the Andean region of Peru.
Data
We used observational daily rainfall records from 19 stations located within MRB. The data was obtained from Geophysical Institute of Peru (IGP), National Service of Meteorology and Hydrology of Peru (SENAMHI), and ELECTROPERU ( Table 1 ). The stations present missing data lower than 9% of the entire time series. To describe the large-scale circulation associated with the onset, termination, and duration of the rainy season in MRB, we used daily zonal and meridional wind at 700 hPa, 600 hPa, and 200 hPa of ERA-Interim reanalysis from European Centre for Medium-Range Weather Forecasts (ECMWF) [39] . ERA-Interim has a resolution of 0.75 • × 0.75 • and covers the 1979-2013 period.
To characterize the climatological precipitation pattern of South America during the austral spring (SON) and austral summer (DJF), we used monthly gridded precipitation from the Global Precipitation Climatology Project (GPCP) [40] . GPCP dataset has a horizontal resolution of 2.5 • × 2.5 • and covers the 1979-2013 period.
To study the change of convection over the central Peruvian Andes associated with the onset, termination, and duration of the rainy season over MRB, we used Outgoing Longwave Radiation (OLR) which is an useful index for the monitoring of the interannual variability of the rainy season and for providing an overall view of the distribution of the deep tropical convection over South America throughout the year [35, 41] . We used the daily dataset of OLR at 2.5 • × 2.5 • resolution from the National Centers for Atmospheric Research/National Oceanic and Atmospheric Administration (NCAR/NOAA) [42] for the 1974-2013 period. We also used the daily dataset of OLR at 1 • × 1 • horizontal resolution from Earth System Science Interdisciplinary Center, University of Maryland (UMD/ESSIC) and NOAA Climate Data Record (CDR) Program for the 1979-2013 period [43] .
Methods
To full out the missing values of the precipitation time series of the stations located within MRB, we used the Equation (1) that is described in [44] .
Yci =
Yri * uc j ur j
where Yci is the estimation of the missing data of the day i of the candidate series, Yri is the data value of the reference series for the day i, uc j is the average of the candidate series for the period j, ur j is the average of the reference series for the period j.
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A PEN is defined as the accumulated precipitation of five consecutive days. A year starts from 1st July to 30th June of the following year, although February 29th was not considered in the calculation. Thus, in one year always contains 73 PENs. We also smooth the time series with three PENs (15 days).
The onset date and end date in each station are defined by a particular precipitation threshold ( Table 2 ). These thresholds were computed through a frequency and intensity analysis of the precipitation PENs. The percentile 50 of the precipitation between July and December was used as the threshold for the identification of the onset of the rainy season. To identify the end of the rainy season, the threshold was the percentile 50 of the precipitation between January and June. To identify the onset and end dates of the rainy season over the MRB, we used the PENs criterion as was used by [10] and the moving average line as was used by [45] . In this study, we defined the onset dates of the rainy season when the first PEN of a set of six PENs between eight consecutive PENs exceed a precipitation threshold previously identified ( Table 2) , also the moving average line of three PENS must exceed the threshold determined. Analogously, the end date of the rainy season was determined as the previously PEN to the first PEN of a set of six PENs between eight successive PENs that not exceed a precipitation threshold previously determined ( Table 2) .
The duration of the rainy season is calculated by the Equation (2); where D represents the duration of the rainy season, P f represents the number of the PEN in which the rainy season ends, and Pi represents the number of PEN in which the rains start.
(2)
To estimate the onset and termination of the rainy season using OLR data, we consider 240 W/m 2 as the threshold, this threshold agrees with previous studies [10, [46] [47] [48] . We defined the onset of the rainy season when six consecutive PENs are lower than 240 W/m 2 while the end date of the rainy season occurs when six consecutive PENs are higher than 240 W/m 2 .
To check the statistical significance of the trends of the onset dates, end dates, and duration of the rainy season over MRB, we use two non-parametric significant tests (Mann-Kendall and Sen's slope estimator [49] [50] [51] ). Sen's method is not affected by single data errors or outliers [52, 53] . The Niño 4 index captures positive anomalies that exceed 0.5 • C by a five consecutive month running average of SST, in the central equatorial Pacific, 5 • N-5 • S, 160 • E-150 • W [54] .
The interpolation of the onset and end dates of the rains from a limited number of points was done through the spline method. Spline belongs to Radial Basis Functions (RBF) methods. These are exact interpolation techniques; it means that the calculated surface must pass through each input point. The spline method calculates surface using a mathematical function that transforms the surface curvature in a smoother surface. This method uses a mathematical function to fit the nearest input points passing through of them.
To study the existence of any preferential time band (years) of the onset day, end day, and duration of the rainy season over the central Peruvian Andes for the 1965-2012 period, we performed a wavelet analysis to precipitation and OLR time series. The mathematical details of the Wavelet coherence analysis are documented by [55] [56] [57] .
Results and Discussion

Determination of the Onset, Termination, and Duration of the Rainy Season over the MRB
The spatial and temporal variability is higher in the onset dates ( Figure 4a ) than in the end dates ( Figure 4b ) of the rainy season in MRB. The spatial variability is probably due to the influence of a local pattern, such as the topography of the basin, while temporal variability is probably related to the influence of a global pattern, e.g., the transient systems to initiate and organize deep convection. rainy season when six consecutive PENs are lower than 240 W/m 2 while the end date of the rainy season occurs when six consecutive PENs are higher than 240 W/m 2 .
To check the statistical significance of the trends of the onset dates, end dates, and duration of the rainy season over MRB, we use two non-parametric significant tests (Mann-Kendall and Sen's slope estimator [49] [50] [51] ). Sen's method is not affected by single data errors or outliers [52, 53] .
The Niño 4 index captures positive anomalies that exceed 0.5 °C by a five consecutive month running average of SST, in the central equatorial Pacific, 5°N-5°S, 160°E-150°W [54] .
Results and Discussion
Determination of the Onset, Termination, and Duration of the Rainy Season over the MRB
The spatial and temporal variability is higher in the onset dates ( Figure 4a ) than in the end dates ( Figure 4b ) of the rainy season in MRB. The spatial variability is probably due to the influence of a local pattern, such as the topography of the basin, while temporal variability is probably related to the influence of a global pattern, e.g., the transient systems to initiate and organize deep convection. The mean onset date of the rainy season ranges between PEN 11 and 24 ( Figure 4c ) and the PEN 17 (19-23 September) represent the average onset date of the rainy season over MRB for the period 1965-2013, 10% of the latest onset dates (90th percentile) are concentrated above PEN 29 (18) (19) (20) (21) (22) , and 10% of the earliest onset dates (10th percentile) are concentrated below PEN 9 (10-14 August). The mean end date of the rainy season ranges between PEN 53 and 61 (Figure 4d ), and the PEN 57 (7-11 April) represents the average end date of the rainy season over MRB for the same period 1965-2013.
In MRB, the uncertainty in the determination of the onset dates is greater than in end dates of the rainy season because the standard deviation (SD) of the onset dates varies from ±1 to ±5 PEN, while the SD of the end dates varies from ±1 to ±3 PEN (Figure 4e ). Therefore, it is expected that onset date of the rainy season will be varying between PEN 11 and 24 (±1 to ±5 PEN), while the end date of the rainy season expected to vary between PEN 53 and 61 (±1 to ±3 PEN). On average, the SD for the onset dates is ±3.4 PEN and ±1.9 PEN for the end dates of the rainy season in the MRB. Then, it is expected that the onset average of the rains is in the PEN 17 (19-23 September) ±3.4 PEN, likewise, the end average of the rains in the MRB is in the PEN 57 (7-11 April) ±1.9 PEN. These results show that the duration of the rainy season is modulated by the onset dates because the onset dates present higher variability than end dates. Additionally, we identified that the mean onset date of the rainy season over MRB occurs in the PEN 18 (24-28 September) for the 1979-2013 period.
The high variability of the onset days in the rainy season over MRB is consistent with the climatological features of the rainy season in other regions such as Amazon basin and eastern Africa. In Amazon basin e.g., the variability of the onset date (range of 25 PENs) in central Amazon is clearly largest compared to the end dates (range of 12 PENs) [10] . Also, there is considerably more variability in the onset dates than in the end dates over west-central Brazil during the period from July 1979 to June 1997 [33] . Conversely, Raia and Cavalcanti [13] found SD of 5 PENs in the onset and demise dates for some years, indicating a variation up to 25 days for Southeast regions of Amazonia. Concerning to eastern Africa, the interannual variability of the onset (SD of 14.5 days) is larger than that of the withdrawal (10.3 days) [58] . Exists quite a sizeable interannual variability central Senegal during 1950-1992, which is stronger for the onset (SD of 16 days) than for the end of the rains [59] .
We made an analysis of the annual climatology of the precipitation over MRB using PENs of precipitation for the 1974-2013 period. The results confirm previous studies about the climatology of the precipitation over MRB [20, 36] . The rainy season over MRB occurs between September of one year and April of the following year, the highest accumulations of precipitation occur from December to March of the next year (Figure 5a ,b). The rainy season over MRB also coincides with the beginning and maturation phases of SAMS [26] .
We repeat the analysis using the OLR dataset. Figure 5b shows that PENs of observed precipitation and OLR present a significant negative correlation (−0.98, p < 0.01) for the period 1974-2013. These results evidence that OLR represents very well the seasonality of the rainfall in the MRB. Figure 5b also shows that OLR reduces its intensity until 240 W/m 2 in the mid-September, the reduction progresses until it reaches its lowest value (192 W/m 2 ) in February, and OLR presents an increase of its intensity until the early May (240 W/m 2 ). The more significant convective activity occurs in February (e.g., lowest OLR anomalies), the month in which the accumulation of heavy rainfall is higher in the basin according to observed data of rain gauges (Figure 5a ).
Comparing the length of the rainy season in MRB respect to other regions of South America, such as Amazon basin, we found that the length of the rainy season over the Amazon basin is longer than the rainy season length over MRB. According to [10] , in general, the average onset date in Amazon basin is the PEN centered on 25 September, and the ending date is the PEN centered on 2 June for 1979-1996 period (although each of the six regions of Brazilian Amazon basin have their particular features), while in MRB the onset date is the PEN centered on 25 September and the end date is the PEN centered on 9 April.
In particular, we found that the MRB (49 PEN of rainy season length) has a slightly longer rainy season length than west-central Brazil (46 PEN of rainy season length). The onset dates extremes over MRB occur between PEN centered on 22 August and 26 October (range of 13 PEN), and the end dates extremes occurs between PEN centered on 20 March and 29 April (8 PEN). While the onset over west-central Brazil for the period occurs between the PENs centered on 15 September, and 14 November (12 PEN) and the end occurs between the PENs centered on 3 April and 3 May (6 PEN) [33] . This agrees with the results of the study by [13] that indicate SAMS duration determined with moisture flux index shows a shorter rain cycle than that found for the MRB. We repeat the analysis using the OLR dataset. Figure 5b shows that PENs of observed precipitation and OLR present a significant negative correlation (−0.98, p < 0.01) for the period 1974-2013. These results evidence that OLR represents very well the seasonality of the rainfall in the MRB. Figure 5b also shows that OLR reduces its intensity until 240 W/m 2 in the mid-September, the reduction progresses until it reaches its lowest value (192 W/m 2 ) in February, and OLR presents an increase of its intensity until the early May (240 W/m 2 ). The more significant convective activity occurs in February (e.g., lowest OLR anomalies), the month in which the accumulation of heavy rainfall is higher in the basin according to observed data of rain gauges (Figure 5a ).
In particular, we found that the MRB (49 PEN of rainy season length) has a slightly longer rainy The propagation continues toward southwestern and southeastern MRB, arriving at the early October (29 September-03 October) and end of November (23-27 November), respectively. Figure 6b displays that the end date of the rainy season begins in the second week of April (07-11 April) over southern and central Mantaro valley, propagating rapidly in all directions toward the rest of MRB, arriving to highland stations over the central-eastern MRB in the third week of April (17) (18) (19) (20) (21) and the central-western MRB at the end of April. An additional correlation analysis between local parameters (altitude, longitude, and latitude) and climatological features (onset date, end date, and duration) of the rainy season over MRB was computed to establish the influence of the local parameters on the spatial distribution of the climatological characteristics of the rainy season. Table 3 displays that altitude presents a negative correlation with onset dates (−0.56) while the altitude presents a positive correlation with end dates and duration of the rainy season (0.69 and 0.72, respectively). These results imply that stations located at low altitude feature late-onset dates and register early ending of the rainy season respect to the station located at high altitudes. Therefore, the rainy season in this part presents the shortest rainy season duration in MRB. Hence, all these results evidence that the local factor also has an essential role in the local distribution of the climatological characteristics of the rainy season over central Peruvian Andes. Table 3 . The correlation coefficient (r) among climatological characteristics of the rainy season (onset, end, and duration) over the MRB. This analysis was performed using all stations for the period 1965-2013. Only the coefficient correlation statistically significant at the 99% confidence level are shown in bold. An additional correlation analysis between local parameters (altitude, longitude, and latitude) and climatological features (onset date, end date, and duration) of the rainy season over MRB was computed to establish the influence of the local parameters on the spatial distribution of the climatological characteristics of the rainy season. Table 3 displays that altitude presents a negative correlation with onset dates (−0.56) while the altitude presents a positive correlation with end dates and duration of the rainy season (0.69 and 0.72, respectively). These results imply that stations located at low altitude feature late-onset dates and register early ending of the rainy season respect to the station located at high altitudes. Therefore, the rainy season in this part presents the shortest rainy season duration in MRB. Hence, all these results evidence that the local factor also has an essential role in the local distribution of the climatological characteristics of the rainy season over central Peruvian Andes. 
Interannual Variability of the Onset, End Dates, and Duration of the Rainy Season in the MRB
We made an analysis of the interannual variability of the onset and end dates of the rainy season over MRB through the Principal Component Analysis (PCA), two PCA were computed using the onset and end dates of the rainy season for 19 stations of the MRB between 1965 and 2013. The spatial and temporal features associated with the first principal component (PC1) explain 55.2% of the variance of the rain onset dates (Figure 7a ). The PC1 is useful to identify the regional variations of the rainfall onset dates in the MRB, as did other authors [40] . Figure 7a also displays that all loadings of the PC1 are positive with values higher than 0.352 over valley MRB and eastern part of central MRB, which are considered a significant and robust signal of a positive correlation between these stations. This first mode of variability indicates that the positive values of the components are associated with late-onset and negative values to early onset of the rains; thus, between 1965 and 2013 the earliest onset was presented in 1969, while the later-onset was in 2009 (Figure 7a ). Figure 7a shows that 18 years of all time series present late-onset while 29 years of total correspond to early-onset. The second principal component (PC2) explains 12.5% of the variability of the onset dates in MRB and represents the stations located in high regions of the north and center of the MRB. The third principal component (PC3) with 8% of the explained and the fourth principal component (PC4) with 7% of explained variability. The last three principal components (PC2, PC3, and PC4) will not be considered in the remaining analysis. Figure 7a also shows the existence of periodicity of 4-5 years in the onset day time series. This latter is ratified by an additional wavelet analysis that displays a band of 4-5 years between 1983 and 2012 for the onset time series of PC1 (Figure 8a ). Figure 7b also displays that 33.3%, 29.2%, and 37.5% of years with positive anomalies of end dates are consistent with Neutral, El Niño, and La Niña years, respectively. These results suggest that La Niña favors early onset and late end of the rainy season. Moreover, Figure 7a portraits that 41.2%, 35.3%, and 23.5% of all years with positive anomalies of onset dates occur during Neutral, El Niño and La Niña, respectively. Figure 7b also displays that 30%, 40%, and 30% of years with negative anomalies of end dates occur during Neutral, El Niño, and La Niña, respectively. These last results suggest that El Niño favors late-onset and early end of the rainy season in the MRB, El Niño is associated with the occurrence of the early end of the rainy season due to it inhibits austral summer precipitation over central Peruvian Andes [4] .
An additional correlation analysis was made to establish the relationship between the onset date, end date and duration of the rainy season over MRB for the 1965-2013 period. Table 4 shows that the duration and onset dates have a negative correlation that varies between -0.95 and −0.76 (p < 0.01). It agrees with the existence of a delay in the onset dates that reduces the duration of the rainy season. Table 4 also shows that end dates and the duration have an insignificant correlation. It suggests that the duration of the rainy season is not influenced completely by the termination of the rainy season while the opposite occurs with the delay in the onset dates. Hence, the results show that onset dates and end dates present a non-significant correlation that varies between −0.3 and 0.3. This later means that early-onset date does not induce necessary an early end date and vice-versa. Table 4 . Range of the correlation coefficient (r) among climatological characteristics of the rainy season (onset, end, duration, and total amount) over the MRB. This analysis was performed using all The spatial and temporal features associated with the PC1 explain 45.9% of the variance of the rain end dates (Figure 7b ). Figure 7b also shows that all stations located within MRB present positive loading of PC1, the highest values (>0.654) prevail over the valley MRB and highland regions in the central and north part of the MRB. This first mode of variability indicates that the positive values of the components are associated with late endings and negative values to early endings of the rains. Moreover, Figure 7b shows that 24 years of all time series present late ending while 23 years of all time series present an early ending. The earliest ending was presented in 1996, while the later ending was in 1992 (Figure 7b ). The other components explain in a smaller percentage the variability (PC2, PC3, and PC4 represent 11.7%, 9.93%, and 7.58% of explained variability, respectively). Moreover, Figure 7b portraits the existence of small bands of a 3, 4, and 5 years of the end time series of PC1. This latter result is consistent with the existence of a significant band of five years between 1983 and 1998, while there is a band of 3-4 years between 2000 and 2006 ( Figure 8b) . Conversely, the duration of the rainy period does not present a preferential band (Figure 8c ).
Climatologically, Figure 7a displays that 35.7%, 28.6%, and 35.7% of years with negative anomalies of the onset dates between 1965 and 2013 occur during Neutral, El Niño, and La Niña years, respectively. Figure 7b also displays that 33.3%, 29.2%, and 37.5% of years with positive anomalies of end dates are consistent with Neutral, El Niño, and La Niña years, respectively. These results suggest that La Niña favors early onset and late end of the rainy season. Moreover, Figure 7a portraits that 41.2%, 35.3%, and 23.5% of all years with positive anomalies of onset dates occur during Neutral, El Niño and La Niña, respectively. Figure 7b also displays that 30%, 40%, and 30% of years with negative anomalies of end dates occur during Neutral, El Niño, and La Niña, respectively. These last results suggest that El Niño favors late-onset and early end of the rainy season in the MRB, El Niño is associated with the occurrence of the early end of the rainy season due to it inhibits austral summer precipitation over central Peruvian Andes [4] .
An additional correlation analysis was made to establish the relationship between the onset date, end date and duration of the rainy season over MRB for the 1965-2013 period. Table 4 shows that the duration and onset dates have a negative correlation that varies between -0.95 and −0.76 (p < 0.01). It agrees with the existence of a delay in the onset dates that reduces the duration of the rainy season. Table 4 also shows that end dates and the duration have an insignificant correlation. It suggests that the duration of the rainy season is not influenced completely by the termination of the rainy season while the opposite occurs with the delay in the onset dates. Hence, the results show that onset dates and end dates present a non-significant correlation that varies between −0.3 and 0.3. This later means that early-onset date does not induce necessary an early end date and vice-versa. 
Trend of the Onset Dates, End Dates and Duration of the Rainy Season over MRB
There is a predominance of positive trends of the onset dates over the northeastern, central and southern part of MRB (12 out of 19 stations) for the period 1965-2013 ( Figure 9a ). However, Figure 9a also shows a negative trend over the southwestern part and the eastern boundary of the central part of MRB. While the non-significant trend partially prevails over the central and northwestern MRB. These results show that negative and insignificant trends prevail in the highland stations (>4500 masl.). However, the end dates of the rainy season do not present a significative tendency, except for two stations that show positive trends (Figure 9b ). Analogously, the duration of the rainy season over MRB presents a negative trend in the same stations as in Figure 9a , except for five highland stations (Figure 9c ). It evidences a reduction of the duration of the rainy season over MRB.
We repeat the same analysis through PENs of precipitation from rainfall-gauge stations and OLR (Figures 10 and 11) . Figure 10a evidences a delay of 3 days/decade in the onset dates of the rainy season. The end dates present a positive trend of 0.3 days/decade, although is no statistically significant (Figure 10b ). The duration of the rainy season shows a significant negative trend (~3 days/decade, p < 0.1) (Figure 10c ). It evidences a reduction of the duration of the rainy season over the MRB in the last four decades. This reduction agrees with the reduction from 40 PENs (200 days) in the early decades to 35 PENs (175 days) in the last decades. Moreover, the shortening of the duration of the rainy season over MRB agrees with the documented in [9] , who used daily precipitation concentration of stations located within the MRB.
We compare the onset, end and duration trends of the rainy season for the same period 1979/80-2012/13 at different OLR resolutions (2.5 • and 1 • latitude-longitude), see Figure 11a -c. At 2.5 • OLR resolution, the onset dates increase significantly in 10 days/decade (Figure 11a ). The end of the rainy season shows a significant decrease of -5.9 days/decade (Figure 11b ). The duration of the rainy season shows a significant decrease of −13.6 days/decade (Figure 11c ). Concerning to OLR dataset at 1 • horizontal resolution, the rainy season onset shows a slight delay of 0.9 days/decade (Figure 11a ). The end of the rains decreases in -1.65 day/decade (Figure 11b ), and the duration shows a slight tendency to shorten in 2.4 days/decade (Figure 11c ). However, these trends are not significant.
For a more extended period 1974/75-2012/13 at 2.5 • OLR resolution (Figure 11d-f ), there is a delay in the rainfall onset of 3.7 days/decade (Figure 11d ). The end dates decrease in 4.4 days/decade (Figure 11e ). The duration of the rainy period shortens in 7.15 days/decade (Figure 11f) . The end and duration trends show significance at 90% of the confidence level. Thus, we confirm that the OLR dataset only gives us a rough approximation as to the onset and end dates of rainy seasons, as [10, 47] also indicated. All these results evidence a delay of the onset date, also the duration of the rainy season tends to shorten.
There is a predominance of positive trends of the onset dates over the northeastern, central and southern part of MRB (12 out of 19 stations) for the period 1965-2013 ( Figure 9a ). However, Figure  9a also shows a negative trend over the southwestern part and the eastern boundary of the central part of MRB. While the non-significant trend partially prevails over the central and northwestern MRB. These results show that negative and insignificant trends prevail in the highland stations (>4500 masl.). However, the end dates of the rainy season do not present a significative tendency, except for two stations that show positive trends (Figure 9b ). Analogously, the duration of the rainy season over MRB presents a negative trend in the same stations as in Figure 9a , except for five highland stations (Figure 9c ). It evidences a reduction of the duration of the rainy season over MRB. Comparing with the results of the study by [32] who use the LISAM index for Brazil, they found an increase in the length of the rainy season, while MRB presents a shortening of the rainy season. Carvalho et al. [32] indicate that onset dates have a significant change in the early 1970s and tend now to occur earlier than PEN 60 (23) (24) (25) (26) (27) . Likewise, progressive increases in end dates were observed from 1948 to the late 1970s, in general, occurred later than PEN 23 (21-25 April) after the mid-to-late 1970s. Consequently, SAMS duration determined with LISAM shows an increase in the length of the rainy season from 1948 to 2008. The mean duration was 34 PENs (∼170 days) during 1948-1972 and 39 PENs (195 days) in 1972-1982 [32] . They show that these changes are associated with an increment of the moisture flux over South America after 1971-72. The opposite occurs in MRB, the onset dates increase progressively. The onset dates until the 2000s become earlier than 14-18 October, and in the last decade (2003-2013) we find a later onset between 24-28 October. While, the end dates not show any tend, on average, the end date occurs between 7-11 April, some PENs before the SAMS end. On average, the duration of rains is 40 PENs (200 days), but the duration of the rainy season shows a tendency to shorten.
We repeat the same analysis through PENs of precipitation from rainfall-gauge stations and OLR (Figures 10 and 11) . Figure 10a evidences a delay of 3 days/decade in the onset dates of the rainy season. The end dates present a positive trend of 0.3 days/decade, although is no statistically significant (Figure 10b ). The duration of the rainy season shows a significant negative trend (~3 days/decade, p < 0.1) (Figure 10c ). It evidences a reduction of the duration of the rainy season over the MRB in the last four decades. This reduction agrees with the reduction from 40 PENs (200 days) in the early decades to 35 PENs (175 days) in the last decades. Moreover, the shortening of the duration of the rainy season over MRB agrees with the documented in [9] , who used daily precipitation concentration of stations located within the MRB. Only the onset trend is statistically significant at 95% confidence level, while the trend of the duration of the rainy season is statistically significant at a 90% confidence level.
We compare the onset, end and duration trends of the rainy season for the same period 1979/80-2012/13 at different OLR resolutions (2.5° and 1° latitude-longitude), see Figure 11a -c. At 2.5° OLR resolution, the onset dates increase significantly in 10 days/decade (Figure 11a ). The end of the rainy season shows a significant decrease of -5.9 days/decade (Figure 11b ). The duration of the rainy season shows a significant decrease of −13.6 days/decade (Figure 11c ). Concerning to OLR dataset at 1° horizontal resolution, the rainy season onset shows a slight delay of 0.9 days/decade (Figure 11a ). The end of the rains decreases in -1.65 day/decade (Figure 11b ), and the duration shows a slight tendency to shorten in 2.4 days/decade (Figure 11c ). However, these trends are not significant.
For a more extended period 1974/75-2012/13 at 2.5° OLR resolution (Figure 11d-f ), there is a delay in the rainfall onset of 3.7 days/decade (Figure 11d ). The end dates decrease in 4.4 days/decade (Figure 11e ). The duration of the rainy period shortens in 7.15 days/decade (Figure 11f ). The end and duration trends show significance at 90% of the confidence level. Thus, we confirm that the OLR dataset only gives us a rough approximation as to the onset and end dates of rainy seasons, as [10, 47] also indicated. All these results evidence a delay of the onset date, also the duration of the rainy season tends to shorten. Comparing with the results of the study by [32] who use the LISAM index for Brazil, they found an increase in the length of the rainy season, while MRB presents a shortening of the rainy season. Carvalho et al. [32] indicate that onset dates have a significant change in the early 1970s and tend now to occur earlier than PEN 60 (23) (24) (25) (26) (27) . Likewise, progressive increases in end dates were observed from 1948 to the late 1970s, in general, occurred later than PEN 23 (21-25 April) after the mid-to-late 1970s. Consequently, SAMS duration determined with LISAM shows an increase in the length of the rainy season from 1948 to 2008. The mean duration was 34 PENs (∼170 days) during 1948-1972 and 39 PENs (195 days) in 1972-1982 [32] . They show that these changes are associated According to these results, the MRB has suffered a reduction in the duration of the rainy season. The shortness of the duration of the rainy season affects the water supply to several sectors such as agriculture. Indeed, many crops will be affected by water scarcity during some sensitivity phases of their vegetative cycle. Hence, we must select crops that have a short cycle as an adaptation measure. These results also confirm clearly the farmer's perception of the delaying of the onset date.
Large-Scale Atmospheric Circulation over South America Associated with Early and Late-Onset Dates of the Rainy Season over MRB
The evolution of the regional convection and horizontal wind over South America during the rainy season onset in MRB is described in the supplementary material.
The difference of the atmospheric circulation patterns e.g., composites of OLR (W/m 2 ) and wind (m/s) at 600 hPa, among four consecutive PENs after (PEN +1, +2, +3, and +4) minus four consecutive PENs previous (PEN −4, −3, −2, and −1) to the onset date (PEN 0) has been analyzed for early and late-onset date of the rainy season in the MRB are shown in Figure 12 . Figure 12a shows that negative OLR differences and northeasterly wind differences over the MRB are characteristic for early-onset dates. The negative OLR differences prevail between 13 • S and 4 • N although their lowest values are recorded over northwestern Tropical Andes, although it weakens progressively to the east until it reaches 50 • W. These circulation differences highlight the southward propagation of the convective region of the SAMS during the early onset date of the rainy season over MRB. Figure 12a also shows negative OLR differences over the equatorial Atlantic Ocean. It suggests that the convection activity over the equatorial Atlantic Ocean enhances the humidity influx from the Atlantic Ocean to central Peruvian Andes. their vegetative cycle. Hence, we must select crops that have a short cycle as an adaptation measure. These results also confirm clearly the farmer's perception of the delaying of the onset date.
The difference of the atmospheric circulation patterns e.g., composites of OLR (W/m 2 ) and wind (m/s) at 600 hPa, among four consecutive PENs after (PEN +1, +2, +3, and +4) minus four consecutive PENs previous (PEN −4, −3, −2, and −1) to the onset date (PEN 0) has been analyzed for early and late-onset date of the rainy season in the MRB are shown in Figure 12 . Figure 12a shows that negative OLR differences and northeasterly wind differences over the MRB are characteristic for early-onset dates. The negative OLR differences prevail between 13°S and 4°N although their lowest values are recorded over northwestern Tropical Andes, although it weakens progressively to the east until it reaches 50°W. These circulation differences highlight the southward propagation of the convective region of the SAMS during the early onset date of the rainy season over MRB. Figure 12a also shows negative OLR differences over the equatorial Atlantic Ocean. It suggests that the convection activity over the equatorial Atlantic Ocean enhances the humidity influx from the Atlantic Ocean to central Peruvian Andes. According to late-onset dates, Figure 12b shows that negative OLR differences and southwesterly wind differences at 600 hPa over the MRB. The negative OLR differences prevail between 25°S and 4°S although their lowest values are recorded over central, northeastern Brazil, it weakens progressively to the west until reaches the central Peruvian Andes (12°S, 82°W). Figure 12b also shows an oblique band of negative OLR differences from eastern Brazil into the Southern Atlantic Ocean while positive OLR differences are observed over the equatorial Atlantic Ocean. These According to late-onset dates, Figure 12b shows that negative OLR differences and southwesterly wind differences at 600 hPa over the MRB. The negative OLR differences prevail between 25 • S and 4 • S although their lowest values are recorded over central, northeastern Brazil, it weakens progressively to the west until reaches the central Peruvian Andes (12 • S, 82 • W). Figure 12b also shows an oblique band of negative OLR differences from eastern Brazil into the Southern Atlantic Ocean while positive OLR differences are observed over the equatorial Atlantic Ocean. These circulation differences evidence a northeastern displacement of the climatological position of the SACZ [60] , and a reduction of the convective activity over the equatorial Atlantic Ocean. These latter features imply a weakening of humidity influx toward central Peruvian Andes by a reduction of the amount of humidity. All these circulation differences show that late-onset date of the rainy season over MRB and enhanced precipitation over the central and eastern parts of northeastern Brazil are associated with the eastward shift of the convective region of SAMS due to northward displacement of the SACZ.
Conclusions
The seasonality changes of the rainy season over MRB, which is located in the central Peruvian Andes, were analyzed for 1965-2013 period. Our findings show that rainy seasons are induced during the southward propagation of convective regions from the Caribbean region toward southern and central Amazon basin between end-September (19-23 September, onset date) and early-April (7-11 April, end date), where the rainiest month is February. The variability of the onset dates is greater (±1 to ±5 PEN) than end dates (±1 to ±3 PEN) of the rainy season.
The spatial distribution of the onset date of the rainy season indicates that this beginning in the mid-September (14-18 September) in highland stations located over the northwestern MRB, progressing rapidly toward the center of the MRB (e.g., Mantaro valley), arriving there at the end of September (24-28 September), the propagation continues toward southern western and southeastern MRB, arriving at the early October (29 September-3 October) and end of November (23-27 November), respectively. Moreover, the end date of the rainy season begins in the second week of April (7-11 April) over southern and central Mantaro valley, propagating slowly in all directions toward the rest of MRB arriving to highland stations over the central-western MRB at the end of April while arriving over the central-eastern MRB in the third week of April (17-21 April).
On interannual timescales, onset dates present periodicity of 4-5 years between 1983 and 2012 while the end dates and duration of the rainy season do not present a periodicity band. Furthermore, the changes of the SST indices over the Pacific modulates the climatological features (e.g., onset date, end date, and duration) of the rainy season over MRB. Our results suggest that La Niña favors early onset and late end of the rainy season, while El Niño favors late-onset and early end of the rainy season in the MRB.
The tendency analysis with precipitation data evidences a reduction of the rainy season length (~3 days/decade) over MRB for the period 1965-2013. It is confirmed by the analysis with the OLR dataset at different resolutions (2.5 • and 1 • latitude-longitude) for the period 1979/80-2012/13 and 1974/75-2012/13, where we show the existence of a delay of the onset date as well as shortening of the rainy season.
Dynamically, the onset of the rainy season over MRB is induced by the propagation of the convective region from the Caribbean region to the central Amazon basin. The early and delay onset of rainy season over MRB present quite different large-scale pattern over SA. For example, the early onset date of the rainy season over MRB is characterized by 600 hPa northeasterly wind anomalies and low OLR (<240 W/m 2 ), which even extends a vast region than just MRB itself. These features are caused by the southward shift of the SACZ that induces the southernmost propagation of the convective region of SAMS from the Caribbean region to the southernmost Amazon basin. Conversely, the delay of the onset of the rainy season presents 600 hPa northeasterly wind anomalies and OLR lower than 240 W/m 2 in MRB (weaker than in early-onset episodes), which even present in whole Tropical Andes. This delay is caused by the northward position of the SACZ and convection over the equatorial Atlantic Ocean that induce an eastward shift of the convective region of the SAMS toward central-eastern Brazil.
Ultimately, this study will contribute to a better understanding of the causes of interannual variability of onset and end rainfall dates in the MRB. The results can use to sensitizations of people on how climate change will be impacting the rainfall seasonality and how they must adapt. According to this study, new studies could be carried out on forecasts of the date of onset of rain in the Peruvian Andes. The development of a monitoring and prediction system could help to plan better several economic activities, such as agriculture. Precise forecasting could prevent and mitigate the damage in local agriculture.
Supplementary Materials:
The following are available online at http://www.mdpi.com/2225-1154/8/2/23/s1, Figure S1 [26, 61] : Superposed epoch analysis for OLR (W/m2) and 600 hPa winds (m/s) for the period prior (4 PENs before) and immediately following (4 PENs after) of the rainy season onset (PEN 0: 24-28 September) over the MRB for the 1979-2013 period. Analysis based on ERA-Interim reanalysis. The OLR data set has a 2.5 • latitude-longitude resolution, Figure S2 : As in Figure S1 , but for 200 hPa, Figure S3 : Composite of 600 hPa wind (m/s) and OLR (W/m2) over South America for (a) four previous PENs to onset of the rainy season (PEN 14-17), (b) four PENs after the onset of the rainy season (PEN [19] [20] [21] [22] . Analysis based on the 1979-2013 period. ERA-Interim reanalysis was used in this analysis. The OLR data set has a 2.5 • latitude-longitude resolution, Figure S4 : As in Figure S3 , but at 200 hPa.
